A two-dimensional (2D) dopant profiling technique is demonstrated in this work. We apply a unique cantilever probe in electrostatic force microscopy (EFM) modified by the attachment of a multiwalled carbon nanotube (MWNT). Furthermore, the tip apex of the MWNT was trimmed to the sharpness of a single-walled carbon nanotube (SWNT). This ultra-sharp MWNT tip helps us to resolve dopant features to within 10 nm in air, which approaches the resolution achieved by ultra-high vacuum scanning tunnelling microscopy (UHV STM). In this study, the CNT-probed EFM is used to profile 2D buried dopant distribution under a nano-scale device structure and shows the feasibility of device characterization for sub-45 nm complementary metal-oxide-semiconductor (CMOS) field-effect transistors.
Introduction
As we continue to scale down electronic devices and approach the sub-nanometre range, well-controlled and uniform device performance is getting harder to achieve. In particular, the control of its effective channel length (L eff ) and consistent threshold voltage in a static random access memory (SRAM) remains one of the major challenges [1] . Due to the induced transient dopant diffusion during device processing such as thermal annealing, mechanical polishing, dry/wet etching, and so on, the large variation of dopant profile under a poly-silicon gate could undermine the eventual drive current/threshold voltage performance of a transistor array [2] [3] [4] . In order to clarify these issues and to develop process solutions, a practical and convenient methodology for two-dimensional (2D) plane view dopant profiling is urgently needed.
According to the International Technology Roadmap for Semiconductors (ITRS Roadmap), a dopant profiling methodology is required to achieve 1.5 nm spatial resolution and 3% dopant concentration accuracy for device technology under 100 nm [5] . Among all the candidates, scanning spreading resistance microscopy (SSRM), first developed by IMEC in 1994, has been shown capable of achieving such criteria in cross-sectioned samples [6] . The SSRM employs a strong tip pressure up to GPa and thus is destructive to both the sample surface and the scanning tip [7] [8] [9] . In a more global view, to gain control of the drive current uniformity and threshold voltage variation, a two-dimensional plane view methodology is required. Unfortunately, the back contact fabrication for SSRM is extremely difficult for the plane view sample. The Fujitsu Corporation has succeeded in the plane view detection of a 2D effective channel length under a poly-silicon gate, using ultra-high vacuum scanning tunnelling microscopy (UHV STM) after proper de-layering [10] [11] [12] . They observed with high resolution the L eff variation induced by the shallow trench isolation (STI) stress, and its dependence on the device pattern. So far, this is the only plane view dopant profiling in nanometres reported [10] . Nevertheless, the sample preparation in a UHV STM requires repeated flashing of the sample to a very high temperature ∼1400 K, which could disturb the original dopant distribution and thus produce data not close to the process condition.
Electrostatic force microscopy (EFM) [13, 14] and scanning capacitance microscopy (SCM) [15] [16] [17] are alternative non-contact, ambient scanning probe options for achieving the above goal. For the SCM, a uniform oxide layer, usually formed by ultraviolet (UV) lamp treatment, is grown to ensure no artefacts from oxide inhomogeneities or impurities. The spatial resolution is limited by both the capacitive oxide and the tip size. For the EFM case, although there is no need for additional growth of an oxide layer, the spatial resolution is generally limited by operating at a farther distance from the sample in the secondary scan.
Carbon nanotube modified cantilevers
It has been reported that applying a carbon nanotube (CNT) tip in atomic force microscopy (AFM) can significantly increase the imaging resolution [18, 19] . In the late 1990s, EFM with a resolution of 5 nm was first reported using CNT-modified cantilevers [20] [21] [22] . Conventionally, fabrication of a CNTmodified cantilever is performed with an optical microscope (OM). Due to the limited resolution of OMs, it is often hard to tell whether the CNT is really attached to the cantilever or not. It becomes even more difficult when we attempt to control the CNT's size and shape. To improve the situation, a scanning electron microscope (SEM) is usually employed instead. However, the fabricated tips are often contaminated because of the poor vacuum conditions (∼10 −6 Torr) in a SEM chamber.
In this paper, we develop a new technique by modifying the AFM cantilever with a trimmed multiwalled carbon nanotube (MWNT). The MWNT, 15 nm in diameter and 300 nm in length, shown in figure 1, is chosen and attached to a commercial PtIr/Cr coated n + -Si cantilever, NANOSENSORS PointProbe EFM, inside a UHV transmission electron microscope (TEM) chamber at a pressure of <1.5×10 −10 Torr. As far as the imaging resolution is concerned, the singlewalled carbon nanotube (SWNT) should be the best for its unique sharpness [22, 23] . However, the surface morphology measurement always suffers from the quite flexible structure of a long SWNT. Fortunately, we can solve this problem by simultaneously using a more rigid MWNT as the tip base and in situ trimming the tip apex down to 5 nm, close to the dimension of a SWNT. The trimming is done by moving another STM sharp metal tip in the TEM to make contact with the tube end. When a voltage bias is applied to the STM tip, normally about 1 V, the contact area will be burned away due to the local heating. Moreover, as demonstrated in figure 1 , we can first clean the AFM tip surface with the focused 200 keV e-beam. The heat generated will remove the amorphous layer coating the tip surface and thus minimize the contact resistance between the tip and the CNT inside the UHV chamber. This is to make sure that the applied voltage will reach the CNT in the EFM experiment. When a CNT-modified cantilever is used in the EFM, the convergence of the electrostatic field from the ultra-sharp CNT will help to enhance the resolution even though the tip is normally operated ∼50-100 nm away from the sample. Besides, since the EFM is performed under the lift mode, it can avoid the strong contact occurring in the SSRM operation, and we do not need to worry about the inhomogeneous thickness of the coated insulator in SCM. All the in situ work was carried out in a JOEL JEM-2000V UHV TEM, using an acceleration voltage of 200 kV, with a threedimensional (3D) ATTOCUBE stepper added to the chamber.
Sample description
The test sample used here is a chequerboard-like structure. After the shallow trench isolation (STI) etching and chemical mechanical polishing (CMP), SiO 2 gap fill was performed to give an array of 100 × 100 µm 2 silicon squares isolated by the STI of the same size. Photolithography and etching follow after another deposition of SiO 2 to result in gate-like structures on the silicon squares and STI areas, respectively. The SiO 2 gates serve as the implant hard mask for an implantation process of arsenic (As) at low energy (∼2 keV), with a dose ∼10 15 cm −2 . Typical thermal processes are applied after the implantation to activate the dopants. In figure 2(a) , the black/white patterns in the SEM image correspond to the Si/SiO 2 patterns. Figure 2 (b) displays the multiple gate structure of our sample, which is composed of many sets of 3 or 5 narrow gates, namely the nanogates. Notice that there also exist wide microgates around 4 µm separating the nanogate sets. The cross-sectional SEM (XSEM) image in figure 2(c) demonstrates that the nanogate is about 40 nm wide and 100 nm high. The depth dopant profile (figure 2(d)) taken with a secondary ion mass spectrometer (SIMS) indicates that the buried dopant concentrations are much more than deep dopant concentrations, which confirms again that probing the plane view dopant profile is essential. To obtain the plane view dopant profile, we etch the nanogates with an HF buffered solution of HF:water = 1:200 for 40-60 min. Generally, the nanogates are etched away at a faster rate than the microgates due to the sidewall HF etching. The scheme of such an isotropic etching is illustrated in figure 2 (e). After being etched, the trenches will be slightly broadened, with the leftover microgates serving as the landmarks for areas of interest. A well HF treated result is demonstrated in figure 2(f) with very thin oxide layers left on the tops of nanogates. For the arsenic, implant energy is rather low, so we expect a lot of the doped Si areas exposed to HF to be etched away, and only the areas under the nanogates to remain doped. The detailed dopant profiles under the gate areas are investigated.
Electrostatic force microscopy results
All the EFM work operates with a secondary scan (or lift mode) associated with the primary tapping mode scan of AFM by a commercially available EFM/AFM system, Asylum Research MFP-3D, with maximum scan area size of 90 × 90 µm 2 and maximum piezotube resolved depth of 10 µm. During every line scan, the AFM and EFM operate successively, switching to the EFM just after every scan of AFM. In detail, the morphological information obtained by the AFM is stored in the primary scan, namely the topography. The secondary scan is performed following the topography exactly, only with the conductive tip lifted to a selected height with respect to the grounded sample. Since the lift mode scan is normally operated with a voltage biased to the tip with the feedback loop open, the information acquired by the EFM maps out the surface potential of the sample. Our aim in this study is to use CNT-probed EFM to resolve the source/drain extension (SDE) under the gate areas. In a lift mode operation, the choice of height could bring some undesirable results to the secondary scan. In order to minimize the van der Waals interaction, series of height differences are ramped without a bias. Figure 3(a) is the AFM image formed by the primary scan, revealing the surface morphology in figures 2(e) and (f). We ramp the height from 0 to 90 nm (as indicated) to take the EFM phase image without bias in figure 3(b) . Apparently, it displays no signal after the CNT tip is lifted to 70 nm. This height is thus chosen for the following EFM experiment and the phase image is shown in figure 3(c) . This image, without any bias, shows no clear signal from the doping information, as expected. The hardly noticeable slight signal coincident with the morphology is due to the inertial change of phase, which results from disabling the feedback response when the EFM follows the topography across an abrupt edge. Here, we only focus our measurement on the EFM phase signal because it is more sensitive than the amplitude change.
It has been proved that the phase of the tapping cantilever in AFM is related to the material properties [24, 25] . One of these properties is related to the local doping density [26, 27] . Hence, we map the dopant distribution under the gate area by EFM phase measurements with the CNT tip biased at 1, 2, 3, and 4 V, displayed in figures 4(a)-(d), respectively. We can see that the phase contrast becomes sharper and the dopant profile gradually broadened as the tip bias increases. Of all different biased EFM images, figure 4(c) seems to have the best contrast while figure 4(d) displays a broader dopant distribution, which may have resulted from the contribution of deeper dopants. When the bias is raised higher than 5 V (as displayed in figure 4(e) with the ramped bias from 5 to 10 V), the EFM image is apparently afflicted with abrupt broadening and flicks on the dopant distribution. Coexistence of these two phenomena strongly suggests that the nanotube tip become unstable under high electric field. The EFM phase images illustrate that slight SDE does not lead to the overlap of the source/drain (S/D) regions. The EFM phase image taken with a commercial conductive tip biased at 3 V also shows the distinguished dopant distribution at the nanogate region ( figure 4(f) ). However, in contrast to figure 4(c), the spatial resolution of the EFM image is so poor that not only is the gate's physical image blurred, the dopant distribution, i.e. the plane view SDE, is also broadened since the electrical field defined by a commercial tip is much more divergent. It is impossible to extract the exact effective channel length using this image, especially when the nanogate length is going down to less than 50 nm.
For convenience, we pick the EFM phase image taken with the 3 V biased CNT tip ( figure 4(c) ) to discuss SDE in detail for the ratio of line edge roughness and line width roughness (LER/LWR). Figure 5 the L eff variations (red lines) show the channel roughness of 10 nm, which approaches the results obtained by the UHV STM presented before [10] . In figure 5(a) , L eff is uniform in most of the regions under the gate but it seems that the stronger SDEs marked by the white lines might induce critical overlaps in this device. To make sure that this did not happen, we took three line scans at some critical local regions in figure 5(a) , marked as c, d, and e, and the data are depicted in figures 5(c)-(e), respectively. Apparently, no dopant information appears in the central part of the gate area for all three line scans. In comparison, the line scan marked as f in figure 4(f), taken with a commercial conductive tip, shows a broader dopant profile, which could give rise to an incorrect interpretation of the S/D overlap.
After the examination of the S/D overlap, another critical question is whether the lateral roughness of L eff defined by the SDE profile follows the line edge roughness (LER). Previous studies have paid much attention to analysing the device performance under the assumption of L eff being defined by the LER. However, more recent SCM [15] [16] [17] , SSRM [7, 9] , and STM [11, 12] results all show asymmetric cross-sectional dopant profiles, which indicates that the previous assumption is not correct. In 2004, Xiong and Bokor disclosed their simulation results which showed that the dopant diffusion's root-mean-square (RMS) value was quite different from the LER/LWR ratio, and it was predominantly the dopant profile that contributed to the device performance [28] . This was experimentally proved by Fukutome et al in 2006 with the 2D plane view dopant profile obtained by UHV STM [10] . In figure 5(b) , we trace the nanogate boundaries with the raw data of figure 3(a) by mapping the line shape of the two shallow trenches (as the black lines indicated). In fact, figure 3(a) is the primary AFM image of figure 5(a) . However, these traced boundaries are somehow incorrect because the isotropic HF etching has destroyed the original ones. Technically speaking, we can only approximately regard the shallow trenches as the nanogate boundaries revealing the LER, although the line width is broader than the XSEM image shown in figure 2(c) . In section 3, we claim that our sample is fabricated in a sub-45 nm CMOS process. If we look at figure 2(c), we can find the bottom parts of the nanogates close to 50 nm wide. The red lines, representing the L eff boundaries, were deduced from the raw data of the EFM phase image in figure 5(a) . We drew the boundaries of the phase value <95.3
• , which corresponds to the deep blue regions in figure 5(a) . The L eff in figure 5(b) varies from 25-45 nm unlike the traced nanogate boundaries (black lines). Obviously, the SDE profile demonstrates that no S/D overlap occurs in this device but there is a fluctuating L eff . We again successfully resolve the LER and SDE profiles to 10 nm and prove that the lateral line shape of L eff is different from the LER.
Conclusion
In conclusion, the EFM plane view dopant profiling methodology is greatly enhanced by our in situ modified CNT tip, especially resolving the dopant features to within 10 nm in air. From all the EFM images in figures 4 and 5, dopant diffusions around the source and drain (S/D) regions for our samples are found not to be serious. The line scans taken at some critical regions in figure 5 (a) unambiguously eliminate concern about the possible electrical connections between the S/D regions of the device. In addition, we demonstrate that the SDE and LER profiles are not coincident. The EFM measurements with the simple HF treatment are easy to operate in air without complicated sample preparations. We demonstrate in this work that the EFM employing the CNT- modified cantilever can serve as a good characterization tool for sub-45 nm device fabrication.
